We recruited 56 colorectal cancer patients and compared the mutational spectrum of tumor tissue DNA, circulating cell-free DNA (ccfDNA) and circulating tumor cell (CTC) DNA (ctcDNA) to evaluate the potential of liquid biopsy to detect heterogeneity of cancer. Tumor tissue DNA, ccfDNA, and ctcDNA were extracted from each patient and analyzed using next-generation sequencing (NGS) and digital PCR. To maximize yields of CTC, three antibodies were used in the capture process. From 34 untreated patients, 53 mutations were detected in tumor tissue DNA using NGS. Forty-seven mutations were detected in ccfDNA, including 20 not detected in tissues. Sixteen mutations were detected in ctcDNA, including five not detected in tissues. In 12 patients (35.3%), mutations not found in tumor tissues were detected by liquid biopsy: nine (26.5%) in ccfDNA only and three (8.8%) in ctcDNA only. Combination analysis of the two liquid biopsy samples increased the sensitivity to detect heterogeneity.
| INTRODUC TI ON
Accurate genetic analysis is essential for molecular targeted therapy and precision medicine. Conventionally, DNA derived from tumor tissue harvested during surgery or endoscopic biopsy has been the source of the gold standard of DNA information in solid tumors including colorectal cancer (CRC). However, tumors are known to have spatial and temporal heterogeneity, and mutations not identified in primary tumors have been shown to exist in metastatic tumors. 1, 2 Additionally, molecular targeted therapy induces clonal evolution. 3, 4 Thus, real-time monitoring of genetic information is important for molecular therapy.
Liquid biopsy, which includes circulating cell-free DNA (ccfDNA) and circulating tumor cells (CTC), may help in the detection of this spatial and temporal heterogeneity. ccfDNA is DNA found in the bloodstream, and ccfDNA derives from both normal and malignant cells.
Circulating tumor DNA (ctDNA) is ccfDNA derived from malignant cells, and may contain cancer-specific mutations. Both ccfDNA and ctDNA are useful for cancer monitoring and management. [5] [6] [7] [8] [9] We previously reported that emerging mutations can be detected from ccfDNA in CRC patients undergoing chemotherapy with epidermal growth factor receptor (EGFR) blockade, 4 that levels of ctDNA increase after selfexpanding metallic stent placement in CRC patients with acute bowel obstruction, 10 and that spatial heterogeneity can be detected using ccfDNA. 2 CTC are circulating malignant cells of solid tumor origin that are found in the bloodstream. They are a prognostic biomarker, and the prognosis of patients with high numbers of CTC is poor. [11] [12] [13] Detection of CTC offers more specificity for cancer detection compared with ccfDNA 14 because it also includes information about RNA and protein.
To use these liquid biopsy samples for mutational profiling and clinical decision-making, it is necessary to compare the mutational spectrum of liquid biopsy samples and tissue samples. However, in CRC patients, no concordance study has been carried out between tumor tissue DNA, ccfDNA, and DNA derived from CTC (ctcDNA); furthermore, the utility of ccfDNA and ctcDNA combination analysis is unclear. The main reason for this is the difficulty of conducting research into CTC because of their low recovery rate, especially when capturing cells causing epithelial-mesenchymal transition (EMT), and the fact that sufficient DNA cannot be extracted from CTC. 15, 16 In the present study, we evaluated the concordance of the mutational spectrum of tumor tissue DNA, ccfDNA, and ctcDNA using nextgeneration sequencing (NGS) and digital PCR (dPCR). We also evaluated whether combination analysis of ccfDNA and ctcDNA has a notable impact on genetic analysis. To improve the recovery rate of CTC, we used the multi-antibody method based on antibodies against epithelial cell adhesion molecule (EpCAM), human epidermal growth factor receptor (Her)2, and tumor-associated calcium signal transducer (Trop)2. 17
| MATERIAL S AND ME THODS

| Ethical considerations
This was a single institutional prospective, observational study. The Ethics Committee of Nippon Medical School (Tokyo, Japan) approved this study and it was carried out in accordance with the Declaration of Helsinki. Written informed consent was obtained from all participants.
| Cell line authentication
DLD-1 CRC cell line carrying the KRAS G13D mutation was obtained from the JCRB Cell Bank (Osaka, Japan). It was authenticated by short tandem repeat profiles by PCR, and was tested for Mycoplasma contamination.
| Collection of tumor cells and detection of mutant DNA by dPCR using DLD-1 cells
Peripheral blood (10 mL) was collected from a healthy individual and spiked with 1000 DLD-1 cells. DLD-1 cells were then isolated from the blood by the LiquidBiopsy platform (Cynvenio Biosystems). After imaging and cell counting, ctcDNA was extracted and analyzed using dPCR to detect the KRAS G13D mutation allele.
| Patients
| Cohort 1
This cohort included previously untreated CRC patients who were treated in our hospital between April 2017 and March 2018. Tumor tissue was collected from each patient, either by primary surgery or by colonoscopic biopsy, as well as 10 mL of whole blood. CTC were isolated by the LiquidBiopsy platform, and captured cells were counted. Afterwards, tumor tissue DNA, ccfDNA, ctcDNA, and DNA derived from white blood cells (wbcDNA) was extracted and analyzed using NGS.
| Cohort 2
This cohort included stage IV CRC patients with RAS mutations in their primary tumors who were treated in our hospital between September 2017 and April 2019. All patients had unresectable CRC, and were under treatment or had completed chemotherapy.
Peripheral blood (10 mL) was collected from each patient. CTC were isolated by the LiquidBiopsy platform and captured cells were counted. Afterwards, ccfDNA and ctcDNA were extracted and analyzed using dPCR to detect the RAS mutation allele.
| Blood sample collection procedures
Peripheral blood (10 mL) was collected and transferred to BD Vacutainer PPT Plasma Preparation Tubes (BD Biosciences).
Plasma, CTC, and WBC were collected from the same patient blood draw using the LiquidBiopsy platform. Samples were stabilized using LiquidBiopsy fixative (Cynvenio Biosystems) within 2 hours. WBC control was collected from 0.4 mL of the original sample and stored at −20°C until use. The sample was centrifuged at 700 × g for 10 minutes, and plasma was removed after centrifugation and stored at −80°C until use. The remaining sample including the pellet was then processed according to the LiquidBiopsy manufacturer's instructions. In brief, LiquidBiopsy Lysis Buffer (Cynvenio Biosystems) was added to the sample, centrifuged, and the supernatant removed. The sample was then labelled with LiquidBiopsy EMT Cocktail (Cynvenio Biosystems) consisting of anti-EpCAM, -Her2, and -Trop2 antibodies, followed by LiquidBiopsy Beads (Cynvenio Biosystems). The sample was stained by LiquidBiopsy CD45, cytokeratin, and DAPI (Cynvenio Biosystems), and processed using Isolation Flow Cells (Cynvenio Biosystems) on the LiquidBiopsy platform. After assay completion, captured cells were processed for imaging using the EVOS FL Cell Imaging System (Thermo Fisher Scientific). DAPI-positive, cytokeratin-positive, and CD45-negative cells were defined as CTC.
After imaging and cell counting, the sample was stored at −20°C.
| DNA extraction from frozen tissue samples
Tissue from the primary tumor was collected by primary surgery or colonoscopic biopsy and preserved at −80°C. DNA was extracted using the QIAamp DNA Mini kit (Qiagen) according to the manufacturer's instructions. Total DNA concentration was measured using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific).
| DNA extraction from plasma samples
Plasma samples kept at −80°C were recentrifuged at 16 000 × g for 10 minutes at 4°C to eliminate debris. Afterwards, ccfDNA was extracted using a QIAamp circulating nucleic acid kit (Qiagen) from 3 mL plasma according to the manufacturer's instructions. Total DNA concentration was measured using a Qubit 2.0 Fluorometer.
| DNA extraction from CTC and WBC samples
Circulating tumor cell and WBC samples were stored at −20°C as described above. DNA was extracted from each sample using the LiquidBiopsy Reagents and Consumables Kit (Cynvenio Biosystems) according to the manufacturer's instructions. In brief, the pellet was digested using the LiquidBiopsy Digest Mix (Cynvenio Biosystems) and incubated at 55°C for 3 hours and at 70°C for 1 hour. The CTC sample was digested with 6.5 μL LiquidBiopsy Digest Mix, and the WBC sample was digested with 50 μL. Concentrations of all wbcDNA samples were measured using a Qubit 2.0 Fluorometer. ctcDNA concentrations were measured in samples analyzed by dPCR using 1 μL digested sample. Concentration was not measured for samples analyzed by NGS because specifically 6 μL digested sample was required for analysis.
| Next-generation sequencing
Tumor tissue DNA, ccfDNA, and wbcDNA were diluted to 830 ng/ mL, as measured by a Qubit 2.0 Fluorometer. If the concentration of the DNA sample was lower than 830 ng/mL, it was not diluted.
Nuclease-free water (6 μL) was added to 6 μL digested ctcDNA sam- were defined as germline mutations or miscalls, and were excluded from mutations found in tumor tissue DNA, ccfDNA, and ctcDNA.
| Sequencing data analysis
| Mutation detection by dPCR
Each DNA sample was diluted to 1000 ng/mL, as measured by a and amplified using the GeneAmp PCR system 9700 (Thermo Fisher Scientific) as follows: 96°C for 10 minutes, then 39 cycles of 56°C for 2 minutes, 98°C for 30 seconds, and a final extension step at 60°C for 2 minutes. Commercial primers (wet lab-validated Custom TaqMan SNP Genotyping Assays) were used.
| Statistical analysis
All statistical analyses were carried out using EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan), which is a graphical user interface for R version 3.0.2 (R Foundation for Statistical Computing). We carried out comparisons using Fisher's exact test for categorical variables and the Mann-Whitney U test for quantitative variables. P-value <.05 was considered significant. 
| RE SULTS
| Collection of tumor cells and detection of mutant DNA by dPCR using DLD-1 cells
| Cohort 1
| Patient characteristics and collection quantity of CTC
Thirty-four patients (stage II: n = 4, stage III: n = 7, stage IV: n = 23)
were enrolled in cohort 1. Patient characteristics are summarized in Table 1 . All blood samples were collected before treatment (operation or chemotherapy). Of the 34 patients, 25 had primary tumor resection from which tumor tissue was collected. From the remaining nine patients, tumor tissue was collected by colonoscopic biopsy.
Median number of collected CTC was 31 cells (range, 3-94). Figure 2 shows images of stained CTC. Table 2 .
| Next-generation sequencing
Ten mutations were concordant between all three samples (tumor tissue DNA, ccfDNA, and ctcDNA). Of the 53 mutations detected in tissue DNA, 27 (50.9%) were detected in ccfDNA and 11 (20.8%) were detected in ctcDNA. Twenty mutations were specific to ccfDNA and five were specific to ctcDNA. The concordance Venn diagram of the three samples is shown in Figure 3 . 
| Cohort 2
| Patient characteristics and collection quantity of CTC
Twenty-two patients were enrolled in cohort 2, and patient characteristics are summarized in Table 4 . All patients had stage IV CRC with RAS mutations in their primary tumor. Thirteen patients were undergoing chemotherapy, and the remaining nine were terminal patients who had completed chemotherapy and were receiving best supportive care (BSC). Median number of collected CTC was 35 cells (range, 0-383).
| Detection of the RAS mutant allele by dPCR
From 22 patients, RAS mutant allele was detected in ccfDNA of 14 patients (63.6%) and in ctcDNA of eight patients (36.4%). In these eight patients, RAS mutant allele was detected in ctcDNA and was also detected in ccfDNA. VAF was higher in ccfDNA compared with ctcDNA. Detailed patient data are shown in Table 5 .
From ccfDNA, patients with high levels of carcinoembryonic antigen (CEA) were significantly more likely to have RAS mutation alleles detected than those with lower CEA levels (P = .046). Patients receiving BSC showed a tendency for increased detection of the RAS mutant allele, but the difference was not significant (P = .07).
Carbohydrate antigen 19-9 (CA19-9) levels and ccfDNA concentration did not correlate with RAS mutant allele detection (P = .14 and P = .36, respectively).
From ctcDNA, patients receiving BSC, those with high CEA levels, large numbers of CTC, and high ratio of CTC to WBC were associated with a significantly higher likelihood of detecting the RAS mutant allele (P = .03, P = .008, P = .005, and P = .01, respectively). CA19-9 levels and the ctcDNA concentration did not correlate with RAS mutant allele detection (P = .32 and P = .29, respectively, Table 6 ).
| D ISCUSS I ON
In the present study, we showed three novel and valuable findings.
First, mutations not found in primary tumors of CRC patients could be detected using liquid biopsy, and combination analysis of ccfDNA and ctcDNA increased the number of mutations detected. Second, sensitivity of detecting cancer-specific mutations was higher in ccfDNA compared with ctcDNA. Third, the multi-antibody CTC capturing method is a promising technique for detecting large numbers of CTC.
We clearly showed that mutations not found in CRC tumor tissue DNA could be detected in ccfDNA or ctcDNA, and that a combination of the two types of liquid biopsy sample allowed more precise analysis. We compared NGS data of three distinct patient-matched samples (tumor tissue DNA, ccfDNA, and ctcDNA) from 34 CRC patients, and detected 20 mutations in ccfDNA and five in ctcDNA that were not identified in tumor tissue DNA. From 12 of the 34 patients, mutations not found in tumor tissue DNA were detected by liquid biopsy: in ccfDNA from nine patients and in ctcDNA from three. These mutations were within KRAS (n = 3), NRAS (n = 1), and BRAF (n = 1), F I G U R E 3 A, Image of the concordance Venn diagram of mutations detected in tumor tissue DNA, circulating cell-free DNA (ccfDNA), and circulating tumor cell DNA (ctcDNA) using nextgeneration sequencing in cohort 1. Twenty mutations were specific to ccfDNA and five were specific to ctcDNA, not being identified in tumor tissue DNA. B, Focusing on the three major mutations in colorectal cancer (TP53, KRAS, APC) only, specific mutations not identified in tumor tissue DNA were detected in liquid biopsy samples and related to resistance of epidermal growth factor receptor blockade, which may contribute to chemotherapy selection. Some previous studies, including our own, 2 reported that mutations not found in primary tumors could be detected in ccfDNA of CRC patients. 18, 19 However, detection of mutations in ctcDNA that were not found in primary tumors has only been reported in breast cancer patients. 20, 21 Recently, cancer has been considered to be a more heterogeneous disease than previously thought, 22 and discordance between primary and metastatic tumors has been reported. 23 Thus, the detection of spatial and temporal heterogeneity using liquid biopsy will have a great impact, 24 and the present study shows the potential of analyzing both ccfDNA and ctcDNA using combination liquid biopsy.
Sensitivity to detect cancer-specific mutation is higher in ccfDNA than in ctcDNA. In both cohorts 1 and 2 of the present study, concordance rate of ccfDNA between tumor tissue DNA was superior to that of ctcDNA. In cohort 2, the RAS mutant allele was detected in ccfDNA of all patients in whom the allele was detected in ctcDNA, and VAF of ccfDNA was significantly higher than that of ctcDNA.
According to the results of previous studies, detection rates of RAS mutations using ccfDNA [25] [26] [27] [28] are considered to be higher than that using ctcDNA. 29, 30 However, the present study is the first to show the superiority of ccfDNA by direct comparison. 33 Moreover, the cell recovery rate was significantly higher using multi-antibodies compared with EpCAM antibody alone in 10 different breast cancer cell lines and 32 stage IV breast cancer patients. 20 A multi-antibody method based on various antibodies in addition to anti-EpCAM has been reported, 34 but the best combination of antibodies should be investigated in further studies.
Sensitivity of detecting mutations is poor in patients undergo
We confirmed that cancer-specific mutations can be identified from ctcDNA, which is important because CTC detection by imaging alone can lead to false-positives. Epithelial cells are reported to be present in the blood of 3.1% of healthy individuals with no previous history of cancer, 35 as well as in patients with disorders such as inflammatory bowel disease. 36 In the present study, cancer-specific mutations were not detected in ctcDNA in some patients, indicating that false-positive cases might be included. However, in cohort 2, sensitivity of RAS mutation detection in patients with higher numbers of CTC was greater than in those with fewer CTC. Thus, we believe in the reliability of our imaging and counting criteria.
Considering the accuracy of genetic testing using ctcDNA in this study, further development of CTC recovery systems is expected.
The present study had several limitations. First, it included only a small number of patients recruited from a single institution. Second, we evaluated only 50 oncogenes and tumor suppressor genes included in the Ion AmpliSeq Cancer Hotspot Panel v2. Finally, NGS of ctcDNA remains a challenge. We did not obtain satisfactory results from the NGS of ctcDNA. A single cell contains only 6-7 pg DNA, and by increasing the yield of CTC, ctcDNA can provide further information.
In conclusion, mutations not found in CRC primary tumors were detectable in ccfDNA and ctcDNA, showing the potential of liquid biopsy samples to provide a complementary role in genetic analysis.
Combination analysis of ccfDNA and ctcDNA increased the sensitivity to detect heterogeneity. However, the sensitivity of detecting cancer-specific mutations using ctcDNA is inferior compared with ccfDNA. The technique to capture CTC using multi-antibodies appears to increase the detection rate and yield of CTC, but future studies should investigate the best combination of antibodies to extract more CTC with higher specificity. Note: Data are shown as the median (range). From ccfDNA, RAS mutant allele was detected in 14 patients (63.6%) using dPCR. Patients with high levels of carcinoembryonic antigen (CEA) were significantly more likely to have RAS mutant alleles detected than those with lower CEA levels (P = .046). From ctcDNA, RAS mutant allele was detected in eight patients (36.4%) using dPCR. Patients receiving BSC, those with high CEA levels, large numbers of CTC, and high ratio of CTC to WBC were associated with a significantly higher likelihood of detecting the RAS mutant allele (P = .03, P = .008, P = .005. P = .01, respectively). Abbreviations: BSC, best supportive care; CA19-9, carbohydrate antigen 19-9; ccfDNA, circulating cell-free DNA; CTC, circulating tumor cells; ctcDNA, circulating tumor cell DNA; dPCR, digital PCR; WBC, white blood cells.
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